Background: Previously, we showed that gene suppression commonly occurs across chromosome 2q14.2 in colorectal cancer, through a process of long-range epigenetic silencing (LRES), involving a combination of DNA methylation and repressive histone modifications. We now investigate whether LRES also occurs in prostate cancer across this 4-Mb region and whether differential DNA methylation of 2q14.2 genes could provide a regional panel of prostate cancer biomarkers.
Introduction
Prostate cancer is the most frequent nondermatologic malignancy in men worldwide and accounts for 10% of new male cancers (1, 2) . The highest incidence rates of prostate cancer are in developed countries including the United States, Sweden, Canada, Switzerland, and Australia (3, 4) with worldwide deaths from prostate cancer being approximately 18 in 100,000 men (18 in 100,000 in the United Kingdom and Australia; 16 in 100,000 in the United States; and approximately 20 in 100,000 in Sweden, Switzerland, and the Netherlands; ref. 3) . Well-established risk factors for the development of prostate cancer include age (5) , race (6) , family history (7) , and geographic location (8, 9) . Widespread screening using the prostatespecific antigen test (PSA) has led to an increased diagnostic rate and thus increased incidence of prostate cancer, with an associated decrease in mortality in recent years (10) . Although PSA is a highly sensitive serum test, its routine use has been a subject of continued controversy owing to its limited specificity (11, 12) . Therefore, new markers are required to bolster the performance of PSA or modifications of PSA to improve the accuracy of prostate cancer detection.
It is now well recognized that deregulation of the cellular epigenetic pattern is a common and early event in carcinogenesis. Increased understanding of epigenetic modifications in carcinogenesis has led to new opportunities for the development of novel biomarkers for all cancers, including prostate cancer. Epigenetic mechanisms including aberrant DNA methylation and chromatin remodeling are known to be critical in the development and progression of prostate cancer (13) (14) (15) . In particular, DNA hypermethylation of CpG-island-associated promoter regions of tumor-associated genes has frequently been reported, which has led to a greater focus on discovering genes that are silenced in prostate cancer via epigenetic deregulation (16) . Notably hypermethylation of the glutathione S-transferase P1 (GSTP1) gene occurs in approximately 90% of all prostate cancers and is an early event, with DNA methylation lesions common in prostate intraepithelial neoplasia, making this gene a useful marker for early prostate cancer detection (17, 18) . In addition to GSTP1, more than 40 genes have been reported to be targets of epigenetic gene silencing in prostate cancers (19) including adenomatosis polyposis coli (APC), Ras association domain family 1A (RASSF1A), prostaglandinendoperoxidase synthase 2 (PTGS2), multidrug resistance gene 1 (MDR1), retinoic acid receptor beta 2 (RARb2), tazarotene-induced gene-1 (TIG1), and oestrogen receptor-beta (ER-b), which have also been shown to be involved in tumor initiation and progression and have been correlated with clinicopathologic parameters (20) (21) (22) (23) (24) (25) . A number of groups have also attempted to use combinations of genes to develop improved methylation-based tests for disease progression (26) (27) (28) ; however, no current epigenetic biomarker can predict disease aggressiveness or survival better than Gleason grade and serum PSA tests.
Typically, tumor-associated genes that are susceptible to promoter hypermethylation have been identified using an individual candidate gene approach. Recently, however, we have shown that gene silencing and DNA hypermethylation can occur across large regions of the chromosome and in combination with histone H3 lysine 9 dimethylation (H3K9me2) can suppress the expression of neighboring genes, including genes that may not contain a promoter-associated CpG island, by a process termed long-range epigenetic silencing (LRES; ref. 29) . We have previously shown that gene expression across the 4-Mb chromosomal region 2q14.2 is commonly suppressed in colorectal cancer and this is associated with aberrant DNA and histone methylation (29) . Moreover, a hypermethylated gene in the 2q14.2 region, Engrailed-1 (EN1), is a useful diagnostic marker in stool and serum DNA samples in colorectal cancer patients (30) . The aim of this study was to investigate the epigenetic state of the 2q14.2 region in prostate cancer and to determine the potential of aberrant methylation of genes within the region in prostate cancer diagnosis and prognosis.
Materials and Methods

Cell culture conditions
Human prostate cancer cell lines LNCaP, PC-3, and DU145 were obtained from American Type Culture Collection. LNCaP prostate cancer cells were cultured in T-medium with 10% heat-inactivated FCS and 1% penicillin/streptomycin (Invitrogen), as described previously (31 Cell lines were authenticated by short tandem repeat polymorphism, single nucleotide polymorphism, and fingerprint analyses, and passaged for less than 6 months.
5-Aza-2
0 -deoxycytidine and trichostatin A treatment of cells
The prostate cancer cell line LNCaP was seeded at 0.5 Â 10 6 cells. The cells were treated 24 hours later with 0.5 or 3 mmol/L 5-aza-2 0 -deoxycytidine (5-Aza-dC; Sigma) for 24 hours and cultured with fresh medium for another 48 hours. Cells were treated with 100 nmol/L trichostatin A (TSA; Sigma) for 24 hours. For cotreatment of cells with 5-Aza-dC and TSA, 5-Aza-dC was added initially for 24 hours, after which it was removed and TSA added for an additional 24 hours.
RNA extraction and Quantitative Real-Time RT-PCR
RNA was extracted from PrEC and LNCaP cell lines using Trizol reagent (Invitrogen) and cDNA was reverse transcribed from 2 mg of total RNA using SuperScript III RNase H-Reverse Transcriptase (Invitrogen Life Technologies), according to the manufacturer's instructions. The reaction was primed with 200 ng of random hexamers (Roche). The reverse transcription reaction was diluted 1:20 with sterile H 2 0 before addition to the RT-PCR. Expression was quantified using a flourogenic real-time detection method using the ABI Prism 7000 Sequence Detection System. Reverse transcription reaction (5 mL) was used in the quantitative real-time PCR reaction using 2x SYBR Green 1 Master Mix (P/N 4309155) with 50 ng of each primer. The primers used for amplification are listed in Supplementary Table S1 . To control for the amount and integrity of the RNA, the Human 18S ribosomal RNA (rRNA) kit (P/N 4308329; Applied Biosystems), containing the rRNA forward and reverse primers and rRNA VICTM probe, was used. Reverse transcription (5 mL) was used in a 20 mL reaction in TaqMan Universal PCR Master Mix (P/N 4304437) with 1 mL of the 20 Â Human 18S rRNA mix. The reactions were performed in triplicate and the SD was calculated using the Comparative method (ABI PRISM 7900 Sequence Detection system User Bulletin #2, 1997 P/N 4303859). The cycle number corresponding to where the measured fluorescence crosses a threshold is directly proportional to the amount of starting material. The mean expression levels are represented as the ratio between each gene and 18S rRNA expression.
Chromatin immunoprecipitation (assays)
Chromatin immunoprecipitation (ChIP) assays were carried out as previously described (32) according to the manufacturer's instructions (Upstate Biotechnology). The complexes were immunoprecipitated with antibodies specific for acetylated-histone H3 (#06-599), dimethylhistone H3(lys9) (#07-441), or trimethyl-histone H3 (lys27) (#07-449; all from Millipore). No-antibody controls were also included for each ChIP assay with no precipitation being observed. Complexes were collected by salmon sperm DNA/protein A agarose slurry and washed several times. The amount of target immunoprecipitated was measured by real-time PCR using the ABI PRISM 7900HT Sequence Detection System. Amplification primers are listed in Supplementary Table S1 . Reactions of 20 mL were set up using the TaqMan Universal PCR Master Mix (2Â) in a 396-well plate. Four microliters of immunoprecipitated DNA, no-antibody control, or input chromatin were used in each PCR and the PCRs were set up in triplicate. Universal thermal cycling conditions were used: 50 C for 2 minutes, then 95 C for 10 minutes, followed by 95 C for 15 seconds and 60 C for 1 minute repeated for 40 cycles. For each sample, an average Ct value was obtained for immunoprecipitated material and for the input chromatin. The difference in Ct values (delta Ct) reflects the difference in the amount of material that was immunoprecipitated relative to the amount of input chromatin and this was then expressed relative to the Ct value for LNCaP (ABI PRISM 7900 Sequence Detection system User Bulletin #2, 1997 (P/N 430385).
Real-time PCR heat dissociation melt curve analysis
Following completion of seminested bisulfite PCR, 0.4 mL of 10 Â SYBR Green I nucleic acid gel stain (P/N 4309155) was added to the PCR reaction following completion. Nested bisulfite PCR primers are listed in Supplementary Table S2 . The PCR reactions were cycled at 95 C for 15 seconds, 60 C for 20 seconds, with the temperature increasing gradually from 60 C to 90 C and the melting dissociation trace was analyzed on the ABI Prism 7900HT Sequence Detection System. CpGenome Universal Methylated Control DNA (Chemicon International Inc., Cat#S7821) was used as a positive control to amplify fully methylated DNA. Human genomic DNA (Roche Cat#11691112001) was used as a positive control to amplify fully unmethylated DNA.
Prostate samples
Radical prostatectomy samples were retrospectively identified (with Gleason grades of 3, 4 or 5), with matched normal prostate tissue where available, from a cohort of archival formalin-fixed, paraffin-embedded specimens selected from the previously described group of 732 patients (33) . Tissue blocks were reviewed by a pathologist (James G. Kench) and 195 cases (90 with matched normal samples) had >50% tumour present in the specimen. All patients had undergone radical prostatectomy for clinically localized prostate cancer at St. Vincent's Private Hospital, Sydney, Australia (Human Research Ethics Committee Approval H00/088). Patients were followed postoperatively by their surgeons on a monthly basis until satisfactory urinary continence was obtained and then at 3-month intervals until the end of the first year, at 6-monthly intervals to 5 years and yearly thereafter. Relapse was defined by the following criteria: biochemical disease progression with a serum PSA concentration at or above 0.4 ng/mL rising over a 3-month period or local recurrence on digital rectal examination confirmed by biopsy or by subsequent rise in PSA. Clinical and pathologic data were collected and databased for 194 patients.
DNA extraction and bisulfite conversion
Cores from representative blocks were deparaffinized and DNA was extracted using the Puregene kit (Qiagen) using standard procedures. Bisulfite modification was carried out as previously described (34) and incubated for 4 hours at 55 C with sodium metabisulfite prior to desulfonation.
Methylation-specific headloop suppression PCR
Methylation-specific headloop suppression PCR (MSH-PCR) primers and probes were developed for EN1, SCTR, INHBB (Supplementary Table S2) , and GSTP1 (35) . The headloop primer consists of a base primer specific for bisulfite-treated DNA, with an attached sequence of bases at the 5 0 end, the headloop ( Supplementary Fig. S1 ). The headloop moiety is specific for bisulfite-treated unmethylated DNA and acts to suppress amplification of unmethylated DNA (35) and a targeted fluorescent probe specifically detects the amplified and methylated DNA.
Primer sequences and probes (Integrated DNA technologies) are documented in Supplementary Table S2 . EN1, SCTR, INHBB, and GSTP1 headloop real-time PCR was carried out using the ABI 7900 (AME Bioscience). Standard PCR conditions for real-time PCR (in 15 mL) were 2 mmol/L MgCl 2 , 0.2 mmol/L of each dNTP, 200 nmol/L primers, 100 nmol/L probes, and 0.1 units platinum Taq DNA polymerase (Invitrogen). Standard cycling conditions were 95 C for 120 seconds, then 50 cycles at 95 C for 15 seconds and 60 C for 60 seconds. Specific annealing temperatures and optimum magnesium concentrations for each gene are shown in Supplementary Fig. S1 . PCR was performed in separate wells for each primer and Cancer Epidemiology, Biomarkers & Preventionprobe set and each sample was run in triplicate. Negative controls and water controls together with positive controls for standard curve generation were included in each experiment. Sodium bisulfite-treated CpG-methylated (CpGenome Universal methylated DNA, Millipore) and human genomic (Roche diagnostics) DNA were used for the sensitivity and specificity assays.
MALDI-TOF mass spectrometry DNA methylation analysis Primers were designed to interrogate the CpG island surrounding the promoter of EN1, SCTR, and INHBB are tabulated in Supplementary Table S1 . Experimental conditions were as described previously (36) .
Statistical analysis
The receiver operating characteristic (ROC) curve and the respective area under the curve (AUC) were calculated for each gene to assess the potential for promoter methylation to differentiate prostate cancer from normal tissue. Fisher's exact, c 2 , and McNemar's tests were calculated using the STATA 9 package. Disease-specific relapse was measured from the date of radical prostatectomy (RP) to the date of last follow-up. Kaplan-Meier and log-rank analyses evaluating disease relapse were performed. Further survival analysis was performed using univariate and multivariate analyses in a Cox proportional hazards model for GSTP1 status and other clinical and pathologic predictors of outcome as previously described (37) . The multivariate model was produced by assessing GSTP1 status with other baseline covariates of clinical relevance such as Gleason grade, pathologic stage, and preoperative PSA, which were modeled as dichotomous or continuous variables as appropriate. All reported P values are 2-sided. All statistical analyses were performed using Statview 4.5 software (Abacus Systems).
Results
Epigenetic associated gene suppression occurs across 2q14.2 in prostate cancer cells
To determine whether concordant gene suppression occurs across 2q14.2 in prostate cancer cells we used RTqPCR to measure mRNA expression levels of 10 genes in the 4-Mb region spanning 2q14.2 (Fig. 1A) in both normal prostate cells, PrEC, and the prostate cancer cell line, LNCaP (Fig. 1B) . We used microarray analysis to compare mRNA expression in PrEC cells with expression in the prostate cancer cell lines LNCaP, PC3, and DU145 ( Supplementary Fig. S2 ), and average expression of each gene in 13 tumor-matched normal samples (ref. 38 ; Fig. 1C ). Of the 10 genes analyzed, 8 have CpG-islandassociated promoters (DDX18, INSIG2, EN1, SCTR, PTPN4, RALB, INHBB, TSN), 1 has a CpG island located at the 3 0 end of the gene (GLI2), and MARCO has no associated CpG island. We found there was an overall suppression of gene expression across 2q14.2 between the prostate cancer cell lines and normal PrECs, and between primary tumor samples and matched normal tissue ( Fig. 1B and C) , with over half the genes in the region (EN1, MARCO, SCTR, PTPN4, INHBB, GLI2) already expressed at low or basal levels in the normal prostate cells. Reduction of gene expression was commonly found for the remaining genes (DDX18, INSIG2, RALB, and TSN) in both tumor cell lines cells and primary tumor samples.
To determine whether the general reduction in gene expression across the 2q14.2 region in the prostate cancer cells was related to a change in DNA methylation or repressive chromatin modification, we treated LNCaP cells with either demethylating 5-Aza-dC alone or in combination with the histone deacetylase inhibitor TSA. As a control for these treatment conditions, we tested expression changes for GSTP1, which is known to be methylated and deacetylated in LNCaP cells (39) . We found using RT-qPCR that, as for GSTP1, EN1, and INHBB were also strongly re-expressed after treatment with 5Aza-dC alone and SCTR with a combination of 5Aza-dC and TSA treatment (Fig. 1D) , suggestive of DNA hypermethylation and repressive chromatin at promoter-associated CpG islands in these genes. In contrast to colorectal cancer cells (30) , DDX18, INSIG2, PTPN4, MARCO, RALB, GLI2, and TSN showed minimal or no reexpression after treatment with 5-Aza-dC and TSA indicating that either these genes may not be epigenetically controlled or that prostate cells are not permissive for their expression. Expression of each of the 10 genes across 2q14.2 did not change in the normal prostate cell line PrEC following treatment with 5-AzadC ( Supplementary Fig. S3 ).
Epigenetic remodeling of 2q14.2 genes in prostate cancer cells
To further investigate whether the CpG-island-associated genes spanning the 2q14.2 region were hypermethylated in prostate cancer, normal prostate and cancer cell line DNA were bisulfite treated, PCR amplified, and the methylation of the CpG-island-associated genes was analyzed by PCR heat dissociation melt curve analysis (40, 41) . All the genes analyzed were unmethylated in PrEC cells, and 3 genes, EN1, SCTR, and INHBB were methylated in LNCaP cells (Fig. 1E) ; a finding consistent with reexpression after either 5-Aza-dC or a combination of 5-Aza-dC and TSA treatment. In addition, EN1 and SCTR were also methylated in the prostate cancer cell lines PC-3 and DU145 (data not shown).
To determine whether the general gene suppression across the 2q14. RNA was reversed transcribed, and expression was quantitated by real-time qPCR and normalized to 18s rRNA expression. Expression of control gene GSTP1 is shown and expression is shown relative to the untreated control. Error bars represent the SEM of at least 3 individual reactions. E, DNA from LNCaP and PrEC cells was isolated, bisulfite treated and bisulfite DNA-specific primers were used to amplify promoter-associated CpG-island regions of the genes. Melting dissociation temperature was then observed for each gene and its methylation status was determined (M, methylated; U, unmethylated). CpGenome Universal Methylated Control DNA was used as a positive control to amplify fully methylated DNA for the dissociation curve and Human genomic DNA was used as a positive control to amplify fully unmethylated DNA for the dissociation curve. The melting dissociation curves for EN1, SCTR, and INHBB shifted toward that of the fully methylated control, indicative of methylation of these genes in these samples. Fig. 2A) . In addition, there was an overall modest increase in binding of the repressive chromatin mark H3K9me2 in LNCaP cells relative to PrEC cells across the region with the exception of EN1, MARCO, and SCTR (Fig. 2B) . Changes in H3K27me3 were also observed with both gain and loss of the polycomb mark in LNCaP cells (Fig. 2C) . Most notable was the loss of H3K27me3 binding to EN1, MARCO, SCTR, and INHBB in LNCaP cells compared with binding in PrECs (Fig. 2D) . Interestingly, the CpGisland-associated genes ENI, SCTR, and INHBB were also DNA hypermethylated in LNCaP cells (Fig. 1E) , consistent with the finding that genes methylated in cancer are often marked by H3K27me3 in the normal cell (42) .
DNA methylation analysis using MALDI-TOF mass spectrometry and methylation-specific headloop PCR
We used quantitative MALDI-TOF mass spectrometry (36) to map in further detail the methylation status of sequential CpG dinucleotides in the 250 to 400 base pair (bp) regions spanning the CpG-island promoters of EN1, SCTR, and INHBB. Normal prostate PrEC cells and blood DNA were unmethylated for each of the genes analyzed, whereas the CpG-island promoter regions associated with EN1, SCTR, and INHBB were methylated to various degrees in LNCaP, DU145, and PC-3 cells (Fig. 3A and B) . To investigate the frequency of methylation in clinical samples, we developed more sensitive MSH-PCR assays for EN1, SCTR, and INHBB ( Supplementary Fig. S1A-C) . A MSH-PCR assay for the GSTP1 gene was also used to compare for differential methylation in normal and cancer tissues (35) . The sensitivity and specificity of each MSH-PCR assay was optimized to detect picogram amounts of methylated DNA in a background of unmethylated DNA. Primer and probe design, coupled to PCR optimization, permitted detection of as little as 10 to 25 pg of methylated DNA for all MSH-PCR assays, with a PCR efficiency of approximately 85% and a specificity of at least 1:1,000 ( Supplementary Fig. S1B ).
DNA methylation of EN1, SCTR, and INHBB in primary prostate cancer
To determine the frequency of EN1, SCTR1, and INHBB methylation in clinical samples, we used MSH-PCR to survey 195 prostate cancers from FFPE tissue from radical prostatectomy patients, 90 of whom had matched normal samples and 194 of which had known biochemical relapse (Table 1) . We found that EN1 was methylated in 127 of 195 (65%) and SCTR was methylated in 104 of 195 (53%) radical prostatectomy specimens (Fig. 4A) . However, we found that INHBB was only minimally methylated in 5 of 65 (7.7%) of the cancers; 5 of 24 in tumors without matched normal (data not shown), and 0 of 41 in tumors with matched normal (Fig. 4B and C) . Methylation of GSTP1 was used as a control and was methylated in 172 of 195 (88%) of the prostate cancers (Fig. 4A) . Concordant methylation of EN1 and SCTR (P < 0.0001), and concordant methylation of EN1, SCTR, and GSTP1 (P < 0.0001) was also observed (Fig. 4A) . Of the 23 prostate cancer samples that did not show GSTP1 methylation, 6 (26%) were methylated for EN1 and 3 (13%) were methylated for SCTR. Concordant EN1, SCTR, and GSTP1 methylation in prostate cancer improves diagnostic potential and GSTP1 methylation is associated with a longer time to relapse Similar to GSTP1, DNA methylation of EN1 and SCTR could significantly (P < 0.0001) differentiate prostate cancer from adjacent normal tissue (Fig. 4B) . We found, however, that for the DNA samples that did contain methylation in the adjacent normal tissues, the amount of methylated normal DNA was greatly reduced ( Fig. 4C ; Supplementary Fig. S4 ), indicating that the methylated DNA was possibly due to cancer cell contamination in the normal samples or potentially a field effect on the prostate gland (43) . A well-established method for diagnostic biomarker analysis is the ROC curve, a plot of sensitivity versus specificity. A ROC curve was generated by plotting the fraction of true positives (cancer) versus the fraction of false positives (normal); the AUC is then used as a measure of accuracy of the test. We included all the normal samples that were positive for methylation, regardless of the absolute amount of methylated DNA detected. Because a number of positive normal specimens had a greatly reduced amount of methylated DNA relative to matched normal ( Fig. 4C; Supplementary Fig. S4 ) it is likely that these were false positives. We found an improvement in the potential diagnostic use of GSTP1 DNA methylation (17) when combining it with the concordant methylation of 2q14.2 genes, EN1 and SCTR. This improved the AUC from 0.907 (GSTP1 only) to 0.940 (GSTP1, EN1, SCTR; Fig. 5A ).
We next investigated whether DNA methylation of the EN1, SCTR, and GSTP1 promoter regions was correlated to any of the established prognostic clinicopathologic parameters including Gleason Score, pathologic stage, Figure 3 . MALDI-TOF mass spectrometry DNA methylation analysis of prostate cancer cell lines. A, percent methylation for each CpG unit across the CpG-island promoter regions of EN1, SCTR and INHBB were plotted for normal prostate epithelial cells (PrEC), normal blood DNA (Roche), LNCaP, PC3, and DU145 cells. B, overall summary of the methylation profile for the gene promoters within 2q14.2. All genes tested are unmethylated in PrEC cells and blood DNA (white boxes) whereas EN1, SCTR, and INHBB are variably methylated (grey boxes). Open boxes, not determined. Percent methylation was summarized into 100% to 0% (black to white greyscale boxes) based on the average of CpG unit methylation. Figure 4 . Methylation profiles of matched normal and prostate cancer samples. A, DNA methylation status of EN1, SCTR, and the control gene GSTP1 in 195 prostate tumor samples classified according to Gleason score (G3-G5). Red boxes are methylated; green boxes are unmethylated. EN1 and SCTR were frequently methylated in prostate cancers in a concordant fashion (P < 0.0001) and were methylated in a concordant fashion with GSTP1 (P < 0.0001). B, tumor and matched normal samples analyzed by McNemar's paired test. GSTP1 (n ¼ 90, P < 0.0001), EN1 (n ¼ 90, P < 0.0001), and SCTR (n ¼ 90, P < 0.0001) could all distinguish cancer from normal tissue. INHBB (n ¼ 41) showed no methylation in either tumor or matched normal samples and so INHBB methylation analysis was not extended to the rest of the cohort. C, methylation of GSTP1, EN1, SCTR, and INHBB in matched normal and cancer samples. Methylated samples are shown as red, unmethylated as green, normal samples with less than 10% methylation are shown as yellow, less than 50% as orange, and more than 50% as red. Methylation data on the 3 genes were available on 194 men with localized prostate cancer treated with radical prostatectomy. The cohort had a median follow-up of 109 months (range, 12-193 months) with a 62% biochemical relapse rate. This was a high-risk cohort of patients with a 22% Gleason score 8 to 10 and quite a high relapse rate (Table 1) . There was no correlation (data not shown) between methylation patterns of EN1 and SCTR promoters and Gleason Score, pathologic stage, SVI, EPE, and preoperative PSA levels. In addition, there was no association with methylation of EN1 or SCTR and time to relapse (Fig. 5B) . In contrast, we noted that methylation of A B Figure 5 . Receiver operating curves and Kaplan-Meier analysis. A, GSTP1 promoter methylation prediction of diseased tissue gives an area under the curve (AUC) of 0.9070. Combining GSTP1 with EN1 and SCTR improves the accuracy of the test using GSTP1 only, and gives an AUC of 0.940. B, Kaplan-Meier analysis was used to generate graphs that represent time to biochemical relapse versus DNA methylation of GSTP1, EN1, and SCTR.
A B C
GSTP1 was associated with a longer time to relapse compared with patients who do not have methylated GSTP1 (P ¼ 0.007, Fig. 5B ). Furthermore, on multivariate analysis, methylation of GSTP1 (P ¼ 0.01) was an independent predictor of outcome when modeled with Gleason score (P ¼ 0.07), preoperative PSA (P ¼ 0.003), margin status (P ¼ 0.09), and pathologic stage (P ¼ 0.3; Supplementary Table S3 ). ECE and SVI were not included in the final multivariate analysis as they are incorporated as part of the pathologic stage.
Discussion
We previously reported that gene expression across chromosome 2q14.2 was commonly suppressed in colorectal cancer by LRES (29) and genes within these regions could be important biomarkers for colorectal cancer detection (30) . In this study we show that chromosome 2q14.2 is also epigenetically remodeled in prostate cancer cells, resulting in a consolidation of gene inactivity and reduction in gene plasticity by LRES (44) . Moreover, we find that gene-specific aberrant DNA methylation in 2q14.2 differentiates prostate cancer from normal prostate cells and provides diagnostic potential, but unlike GSTP1 methylation, 2q14.2 gene methylation is not significantly associated with a longer disease-free period.
Interestingly, 2q14.2 genes are commonly associated with the histone H3K9Ac active modification mark in normal prostate cells, even though many of the genes in this region are not expressed or expressed only at basal levels. We find that the low level of gene expression observed in the LNCaP prostate cancer cell line across the 2q14.2 region corresponds with a concordant loss of H3K9Ac and gain of H3K9me2. DNA methylation analysis revealed that similar to colorectal cancer there is also a significant increase in the frequency of DNA hypermethylation of specific genes in prostate cancer within the 2q14.2 region, even though these genes were already inactive in the normal prostate epithelial cells. Specifically, the promoter-associated CpG island of genes EN1, SCTR, and INHBB exhibited increased DNA methylation in prostate cancer cell lines compared with the normal prostate cell line PrEC, and EN1 and SCTR were found to be significantly methylated in clinical prostate cancer cells. The EN1 gene codes for a homeobox transcription factor, which interacts with the WNT signaling pathway (45) and is essential for development (46) . SCTR encodes the secretin receptor, a G-protein-coupled receptor that is also hypermethylated and downregulated in pancreatic (47) and colorectal cancer (29) . The INHBB gene encodes the inhibin b subunit of the signaling hormone/growth factor inhibin. INHBB is involved in cell differentiation and proliferation (48) and is downregulated in breast cancer (49) . A tumor suppressor role of these genes in prostate cancer is unlikely as we show that they are normally only expressed at low or basal levels in prostate epithelial cells. However, our results suggest that aberrant methylation of ENI, SCTR, and INHBB in prostate cancer is more likely to be associated with the fact that these genes are marked by the polycomb group protein H3K27me3 in normal prostate epithelial cells, which is then replaced by DNA methylation in LNCaP cells, consistent with the finding that genes that are commonly methylated in cancer are often marked by H3K27me3 in the embryonic stem cells (42, 50, 51) . However, the underlying mechanism associated with the exchange of epigenetic marks in cancer cells is not well understood, especially as loss of H3K27me3 marked genes in cancer cells occurs even though the H3K27 methylase EZH2 levels are often increased in metastatic prostate cancer (52, 53) .
GSTP1, which encodes an enzyme involved in intracellular detoxification reactions, is also commonly methylated in prostate cancer and is the gold standard epigenetic marker for prostate cancer detection (17) . However, unlike the 2q14.2 genes destined for cancer methylation, GSTP1 CpG-island promoter is not marked by H3K27me3 in PrEC cells, but gains DNA methylation independently of H3K27me3 through 5MeC reprogramming (21, 54) . Interestingly, even though GSTP1 is commonly methylated, there are approximately 10% of prostate cancers where GSTP1 remains unmethylated and what is not yet clear is whether the predictive value of a negative test is sufficient to change the course of medical care (21) . Consistent with previous reports (55), we show that patients that are negative for GSTP1 methylation have a poorer prognosis, suggesting that these cancers may have originated by a different pathway or possibly from an earlier cancer progenitor stem cell.
To determine whether hypermethylation of the 2q14.2 genes (EN1, SCTR, and INHBB) could improve prostate cancer detection where GSTP1 is unmethylated, we developed sensitive, high-throughput DNA methylation assays. Because a common problem associated with longterm storage of biological material is sample degradation, we designed the MSH-PCR assays to amplify small (100 bp) amplicons from bisulfite-converted DNA isolated from FFPE tissue. MSH-PCR has advantages over many other high-throughput methylation assays as it is based on suppression of the unmethylated DNA and amplification of low levels of methylated DNA and unlike MSP assays, does not rely on design of primers with CpG methylation in the 3 0 end of the primer sequence (35) . Using these assays we found that the methylation state of EN1, SCTR, and GSTP1, both individually and concordantly, could differentiate tumor from normal tissue (P < 0.0001). Interestingly in the 23 of 195 (12%) of prostate cancer samples that did not show GSTP1 promoter methylation, 26% were methylated for EN1, 13% for SCTR, and 9% for both EN1 and SCTR suggesting that some 2q14.2 methylation changes may also occur early in carcinogenesis, as is suggested for GSTP1 (13). In fact, using ROC curve analysis we found the diagnostic accuracy of GSTP1 DNA methylation could be improved by combining it with methylation of EN1 and SCTR from the 2q14.2 region to form a potential new marker panel for prostate cancer detection.
Finally, in addition to GSTP1 methylation marks, there is a growing collection of candidate-hypermethylated single gene loci that also appear to function well when combined as cancer DNA surrogates, including APC, RASSF1a, and MDR1 (56-58). However, unlike detection of prostate cancer DNA using tests for methylation marks, DNA methylation biomarkers for prostate cancer prognosis are still limited. Methylation marks for EDNRB, RARb, RASSF1a, ERb, and TIG1 may be suitable for this unmet need as each has been correlated with known prognostic factors for primary prostate cancer, such as tumor stage and/or Gleason grade (22) (23) (24) (25) 59 ). Indeed in 1 study, PTGS2 methylation marks in the localized prostate cancer predicted prostate cancer recurrence after radical prostatectomy, independently of tumor stage and Gleason grade (60) . In addition, the detection of DNA with GSTP1 CpG-island hypermethylation in serum of men with localized prostate cancer, where GSTP1 was also methylated, was associated with an increased risk of prostate cancer recurrence after radical prostatectomy (61) . However, we find that prostate cancer patients in which GSTP1 remains unmethylated have a poorer prognosis and therefore may aid in prediction of prostate cancer recurrence after radical prostatectomy, independently of tumor stage and Gleason grade.
In conclusion, we have shown for the first time that concordant promoter methylation of EN1 and SCTR genes, which reside in the LRES 2q14.2 region, have a high predictive value for determining cancer from normal tissue and provide a regional panel of novel epigenetic biomarkers to be used in combination with GSTP1 methylation for increasing the specificity of prostate cancer detection.
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